Introduction
Obstructive sleep apnea syndrome is present in Ͼ2% of the adult population and is associated with neural injury (Young et al., 1993) . The pathophysiology of this syndrome involves brief sleep state-dependent obstructions of the upper airway that are associated with hypoxemia. Brief arousals from sleep temporarily restore patency of the airway and oxygenation. In severe sleep apnea, these hypoxia/reoxygenation events may cycle every minute or two throughout sleep. Clinical studies have identified neural dysfunction and injury in adults with obstructive sleep apnea. Sensory nerve action potential amplitudes are reduced in individuals with obstructive sleep apnea, and treatment of sleep apnea partially reverses this defect, supporting the concept that sleep apnea contributes to this neural dysfunction (Dziewas et al., 2007) . Electromyographic studies of the palatopharyngeus muscle in individuals with sleep apnea show long polyphasic potentials and reduced amplitude at maximum voluntary effort (Svanborg, 2005) . Consistent with functional impairment, histological studies have identified demyelination of motoneurons in resected palatal tissue in obstructive sleep apnea (Woodson et al., 1991; Lindman and Stål, 2002; Boyd et al., 2004) . The severity of peripheral nerve dysfunction correlates with oxyhemoglobin desaturations (Mayer et al., 1999) . Whether obstructive sleep apnea oxygenation events, independent of obesity, diabetes, and other comorbidities, can injure peripheral neurons requires study in animal models.
Exposure to hypoxia/reoxygenation events in rodents, modeling oxygenation patterns in severe sleep apnea, results in neural injury in select groups of neurons including pyramidal, Purkinje, catecholaminergic wake neurons, and upper airway dilator motoneurons (Gozal et al., 2001; Decker et al., 2003 Decker et al., , 2005 Veasey et al., 2004a; Kheirandish et al., 2005; Zhan et al., 2005a,b; Zhu et al., 2007) . Long-term exposure to hypoxia/reoxygenation impairs hypoglossal whole-nerve responsiveness to both glutamatergic and serotonergic excitation of hypoglossal motoneurons (Veasey et al., 2004b) .
There is increasing evidence that the endoplasmic reticulum (ER) plays a central role in both adaptive responses to and injury from ischemia-reperfusion challenges (DeGracia and Montie, 2004; Hayashi et al., 2004 Hayashi et al., , 2005 Benavides et al., 2005) . The unfolded protein response (UPR) in the ER represents an adaptive response to minimize accumulation of misfolded proteins that would be toxic to the cell. This is accomplished by reducing overall protein translation, increasing the production of chaper-ones, upregulating clearance of improperly folded proteins, and increasing antioxidant capacity (Yoshida, 2007) . Several components of this protective response are mediated by phosphorylation of eIF-2a. However, when this stress is insurmountable, the ER may take on the role of executioner, activating proapoptotic proteins, including CCAAT/enhancer-binding proteinhomologous protein (CHOP)/growth arrest and DNA damageinducible protein (GADD153) and caspase-7 (Gorlach et al., 2006; Sokka et al., 2007) .
Many motoneurons process immense amounts of membrane and secretory proteins that must be properly folded within the ER (Shaw and Eggett, 2000) . Consequently, even under basal conditions, select motoneurons evidence an UPR (Yamauchi et al., 2007) . We predicted that brainstem motoneurons with a basal UPR would be more susceptible to hypoxia/reoxygenation ER stress injury, and augmentation of the protective ER response, phosphorylated (p)-eIF-2a, should provide protection across hypoxia/reoxygenation. We now show that hypoxia/reoxygenation exposures modeling obstructive sleep apnea manifest in severe ER injury in select brainstem motoneurons, those with UPR evident under basal conditions. Phosphorylation of eIF-2a across hypoxia/reoxygenation exposure provides effective protection from neural injury.
Materials and Methods
Animals. Young adult male C57BL/6J (The Jackson Laboratory, Bar Harbor, ME), 8 weeks of age at the start of long-term intermittent hypoxia experiments, were studied. Mice were confirmed pathogen free across hypoxia/reoxygenation exposures. The methods and study protocols were approved in full by the Institutional Animal Care and Use Committee of the University of Pennsylvania and conformed with the revised National Institutes of Health Office of Laboratory Animal Welfare Policy. Food and water were provided ad libitum.
Long-term intermittent hypoxia protocol. Long-term intermittent hypoxia (LTIH) across the sleep-predominant period of a circadian period is an established model of sleep apnea oxygenation (Gozal et al., 2001; Decker et al., 2003; Veasey et al., 2004a,b; Kheirandish et al., 2005; Zhan et al., 2005; Polotsky et al., 2006 ). An automated nitrogen/oxygen gas delivery system (Oxycycler model A84XOV; Biospherix, Redfield, NY) was used to deliver hypoxia/reoxygenation, using our previously described protocol (Veasey et al., 2004a,b; Zhu et al., 2007) . Briefly, this system produces reductions in ambient oxygen level from 21 to 10% for 5 s every 90 s for LTIH and from 21 to 20% for 5 s every 90 s for sham LTIH, resulting in fluctuations in oxyhemoglobin saturation from 94 -98% to 76 -84% in LTIH and 96 -98 to 96 -97% in sham LTIH (Veasey et al., 2004) . LTIH and sham LTIH conditions were produced for 10 h of the lights-on period. Humidity, ambient CO 2 , and environmental temperature were held constant within and across exposures. Two durations of intermittent hypoxia (IH) and sham IH (3 d and 8 weeks) were studied to characterize duration-dependent ER stress responses in motoneurons and an intermediate duration (4 weeks) to test the effectiveness of salubrinal therapy.
Western blot. Western blotting was used to characterize the short-term ER stress protein response to IH in select upper airway motoneurons: occulomotor (III), motor trigeminal (moV), facial (VII), and vagus and hypoglossal (X/XII). After exposure to 3 d IH or sham IH, macropunches of bilateral motor nuclei were obtained and rapidly frozen using our previously detailed protocol (Zhan et al., 2005a,b) . Whole-tissue lysate protein content, measured with the Bradford protein assay (Bio-Rad, Hercules, CA), was standardized for each Western assay across IH and sham IH (n ϭ 4 -6/nucleus/IH condition). Blots were incubated with primary antibodies to phosphorylated PKRlike ER kinase (p-PERK), p-c-Jun [inositol-requiring enzyme 1 (IRE1) activation], cleaved activating transcription factor-6 (ATF6) (Haze et al., 1999) , and CHOP/GADD153; details of primary antibodies are provided in Table 1 . Primary antibodies were bound with horseradish peroxidaseconjugated secondary anti-IgG, and were detected with chemiluminescence (SuperSignal Ultra; Pierce, Rockford, IL). Images were analyzed with NIH Image Analysis.
Reverse transcription-PCR. For detection of XBP-1 splicing (as a marker of IRE1 activation), macropunches of the brainstem motor nuclei from mice exposed to IH 3d or sham IH 3d (n ϭ 5/IH condition) were procured, and RNA was isolated using methods previously described (Zhan et al., 2005b) . A total of 0.2 g of RNA was used for creation of cDNA for NM-013842 primer sets, sense primer: 5Ј-GAA CCA GGA GTT AAG AAC ACG-3Ј and antisense primer: 5Ј-AGG CAA CAG TGT CAG AGT CC-3Ј (Iwawaki et al., 2004) for PCR, 95°C for 9 min followed by 35 cycles at 95°C for 30 s, and then 55°C for 30 s, and then 72°C for 30 s and 72°C for 7 min (2400; Applied Biosystems, Foster City, CA) using 2 and 3.5% gels run 10 cm to identify the 178 bp splice variant and 205 bp unspliced mRNA (Iwawaki et al., 2004) .
Immunohistochemistry. Immunofluorescence was used to determine whether LTIH induces an unfolded protein response in moV, VII, and XII motoneurons and whether this response includes activation of ER proapoptotic proteins in motoneurons. To determine whether the IH persistently activates the UPR in motoneurons, a series of mice (n ϭ 5/group) were exposed to 8 weeks of IH (LTIH) or sham controls and then deeply anesthetized and perfused, as detailed in our previous studies (Zhan et al., 2005a,b) . Cryopreserved brains were sectioned 40 mm thick in 1:6 well series, in which wells 1 and 3 were used for UPR studies. Upper airway dilator motor nuclei (moV, VII, and XII) were identified using landmarks in the Franklin and Paxinos (1997) mouse atlas. Within motor nuclei, motoneurons were identified by size Ͼ30 mm and immunoreactivity for choline acetyltransferase (ChAT) (Barber et al., 1984; Armstrong et al., 1991) . The details for primary antibodies to assess p-AKT, ChAT, p-PERK, p-eIF-2a, p-c-Jun, and N terminus ATF6 are also listed in Table 1 . UPR proteins were labeled with Alexa Fluor 594 (red; Invitrogen, Carlsbad, CA), and ChAT was tagged with Alexa Fluor 488 (green). ImagePro Plus software was used to measure immunofluorescence of ER stressor proteins within motoneurons relative to background in each nucleus (Zhu et al., 2007) . Mean relative fluorescent intensity per mouse (n ϭ 4 -5/group) was used in a two-way ANOVA, Bonferroni corrected for three motor nuclei. To determine whether IH activates ER proapoptotic proteins in upper airway motoneurons, sections from wells 5 and 6 from the same mice as above were used to assess activation of proapoptotic proteins, cleaved caspase-3 and -7 and CHOP/GADD153 in ChATlabeled motoneurons (Alexa Fluor 488) using primary antibodies and titers as detailed in Table 1 , and then labeled with Alexa Fluor 594. To characterize LTIH effects on motoneuronal signaling/transport proteins with established sensitivity to hypoxia, microtubule associated protein-2 (MAP-2), an important dendritic scaffolding protein (Lang-Lazdunski et al., 2000) , and dynactin-1/p150
glued (Kitano et al., 2004) , an axonal motor protein critical for synapse stabilization (Eaton et al., 2002) and implicated in protein misfolding (Levy et al., 2006) , were also examined in the three motor nuclei, using primary antibodies in Table 1 on sections from wells 2 and 4 for each mouse (n ϭ 4 -5/group). Electron microscopy. Immunoelectron microscopy was implemented to determine whether LTIH (8 weeks) results in nuclear translocation of CHOP/GADD153 and altered ultrastructure of ER and ribosomes in the hypoglossal motoneurons. Adult B6 mice were exposed to 8 weeks IH or sham IH. Mice were deeply anesthetized with pentobarbital intraperitoneally and then transcardially perfused with heparin and acrolein (3.8%) in 2% paraformaldehyde in PBS, pH 7.4, and postfixed (Wang et al., 2004) . Coronal sections (50 mm) were cut with a vibratome through the pons and medulla, using landmarks as above (Franklin and Paxinos, 1997) . Sections were treated with 1% NaBH 4 in PBS and rinsed in PBS (Wang et al., 2004) , before a Tris-buffered saline rinse and incubation in bovine serum albumin to minimize nonspecific labeling. To assess nuclear translocation of CHOP/GADD153, ChAT primary antibody (Table 1 ) labeled using biotin-SP-conjugated donkey anti-goat secondary (Jackson ImmunoResearch, West Grove, PA) was detected with DAB, whereas CHOP/GADD153 was labeled using goat antirabbit IgG conjugated to 1 nm gold particles (1:50; Amersham Biosciences, Arlington Heights, IL) as described by Aston-Jones et al. (2004) . For characterization of ER and polysome ultrastructure, DAB intermediate densities were avoided by labeling ChAT with gold. In both cases, visualization of the gold was enhanced in silver solution (IntenSE M; Amersham Biosciences). After staining, all electron microscopic (EM) sections were postfixed for 1 h in 2% osmium tetroxide in PB, dehydrated through a graded series of alcohols and propylene oxide, and flat-embedded in Epon 812 (Electron Microscopy Science, Fort Washington, PA). Precise location of ChAT-immunoreactive large hypoglossal motoneurons was performed using light microscopy imaging of a semithin (0.35 m) section or low-power thin section to identify neurons by configuration and adjacent tissue landmarks. Sequential ultrathin (70 -80 nm) sections were made using a Leica (Deerfield, IL) Ultracut E ultramicrotome. Sections were collected onto mesh grids, counterstained with Reynold's lead citrate and uranyl acetate for ultrastructural analysis, before imaging with a transmission electron microscope Phillips (Eindhoven, The Netherlands) CM10.
Salubrinal therapy throughout LTIH exposure. To determine whether eIF-2a phosphorylation protects motoneurons across LTIH exposure, a selective inhibitor of eIF-2a dephosphorylation, salubrinal (Boyce et al., 2005) , was administered throughout LTIH exposure and compared with vehicle for effects on UPR and apoptotic responses. Mice were randomized to vehicle or salubrinal pumps (n ϭ 5/group). Salubrinal was solubilized in dimethyl sulfoxide (DMSO) at 10 mg/ml and placed in miniosmotic pumps (1004; Alzet, Cupertino, CA) as 0.52-0.58 mg of salubrinal in 60 ml of DMSO and 40 ml of buffered saline to deliver 1 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 subcutaneously for 28 d, using a previously established systemic dose (Sokka et al., 2007) . To place pumps, mice were anesthetized with ketamine (80 mg/kg) with xylazine (10 mg/kg) intramuscularly. A 0.5 cm dermal incision between the scapulae was made perpendicular to the spine. Pumps were placed for subcutaneous delivery. The 24 h postop mice were placed in LTIH for 4 weeks. As in the above studies, after LTIH exposure, mice were deeply anesthetized and perfused for immunohistochemical studies, examining p-AKT, ChAT, MAP-2, p-eIF-2a, and CHOP/GADD153.
Results

Short-term intermittent hypoxia elicits an ER stress response in select brainstem motor nuclei
The UPR to 3 d of IH (IH 3d ) was evaluated by determining activation of the three major ER stress sensors: PERK, IRE-1, and ATF6 (summarized in Fig. 1A ). IH 3d increased p-PERK levels in the hypoglossal nucleus (t ϭ 3.6; p Ͻ 0.01) and in the facial nucleus (t ϭ 2.6; p Ͻ 0.05) but not in the motor trigeminal nucleus (t ϭ 1.5; NS) (Fig. 1B) . To examine IH induction of IRE-1, we measured phosphorylated c-JUN (p-c-JUN) and XBP-1 mRNA splicing (XBP1 S ) (Yoshida et al., 2001; Calfon et al., 2002) . p-c-JUN protein was evident only in the XII motor nucleus where it was present in both sham and IH 3d samples without IH effect on protein. In support, XBP-1 mRNA was unspliced in all samples. Cleaved ATF6 (50 kDa) was present in all XII protein samples (IH 3d and sham IH 3d ), without an effect of IH (IH, 6.3 Ϯ 0.5, vs sham IH, 5.8 Ϯ 1.1; t ϭ 0.5; NS). The 50 kDa band was not detectable in the majority of moV and VII protein samples from either IH or sham IH. In summary, there is evidence for an UPR in the XII motor nucleus, even under sham conditions, as evidenced by phosphorylation of PERK, p-c-JUN, and cleavage of ATF6. However, short-term IH selectively augmented activation of the PERK pathway in some motor nuclei, including hypoglossal and facial without activation on the motor trigeminal.
Longer-term intermittent hypoxia results in sustained activation of PERK in upper airway dilator motoneurons
We next determined whether the UPR observed in the motor nuclei using immunoblots on dissected motor nuclei occurs in motoneurons after longer-term (8 weeks) IH (LTIH) and whether the other ER sensor pathways become activated with this longer IH exposure. Overall, there were highly significant effects of LTIH and motor nucleus site on p-PERK immunoreactivity ( p Ͻ 0.0001). In sham IH controls, trace p-PERK immunoreactivity was evident in both hypoglossal and facial motoneurons, but not in motor trigeminal neurons. LTIH resulted in significant increases in p-PERK immunoreactivity in motoneurons in the hypoglossal (t ϭ 5.9; p Ͻ 0.001) and facial (t ϭ 9.1; p Ͻ 0.001) motoneurons, where p-PERK was localized to the perinuclear envelope and nuclei (Fig. 2) . p-PERK was evident in moV after LTIH. Cleaved ATF6 immunofluorescence was detected in the cytoplasm in hypoglossal and facial motor nuclei from mice exposed to LTIH without evidence for translocation into motoneuron nuclei. No ATF6 immunoreactivity was detected in moV for either sham IH or LTIH. In summary, long-term intermittent hypoxia results in persistent PERK activation in the motoneurons without evidence for activation of either the IRE1 or ATF6 sensors.
Intermittent hypoxia activates ER proapoptotic proteins in hypoglossal and facial motoneurons and not in trigeminal Short-term (3 d) IH increased CHOP/ GADD153 protein in X/XII nuclei [10.3 Ϯ 0.9 (immunoblot band density) vs 14.7 Ϯ 0.7; t ϭ 4.7; p Ͻ 0.001] and in VII nuclei (10.6 Ϯ 0.7 vs 14.8 Ϯ 0.4; t ϭ 4.3; p Ͻ 0.001). In contrast, in moV samples, CHOP/GADD153 was reduced in both sham and IH without an IH effect (4.5 Ϯ 0.3 vs 4.7 Ϯ 0.5; NS). The effects of LTIH (8 weeks) on CHOP/GADD153 and caspase-7 in upper airway motoneurons were next explored. Increased CHOP/ GADD153 (expressed as relative to background immunofluorescence) was evident in VII (1.7 Ϯ 0.08 vs 2.2 Ϯ 0.2; t ϭ 2.9; p Ͻ 0.5), X (1.8 Ϯ 0.1 vs 2.6 Ϯ 0.3; t ϭ 3.6; p Ͻ 0.01), and XII, (1.7 Ϯ 0.06 vs 2.5 Ϯ 0.3; t ϭ 4.7; p Ͻ 0.01). In moV, LTIH had no effect on CHOP immunofluorescent intensity (1.2 Ϯ 0.02 vs 1.2 Ϯ 0.03; NS). Semithin sections prepared for electron microscopic imaging and analysis with DAB-labeled ChAT and silver-enhanced gold-labeled CHOP/GADD were then examined with light microscopy in which a striking LTIH increase in CHOP/GADD153 immunoreactivity was evident in both facial and hypoglossal motoneurons, throughout somata, dendrites, and in the majority of nuclei (Fig. 3) . In contrast, minimal CHOP/GADD153 was evident in motor trigeminal neurons. Electron microscopy revealed CHOP/GADD153 silver-labeled particle density increased in the soma and dendrites by fourfold to fivefold (soma, t ϭ 7.0, p Ͻ 0.001; dendrites, t ϭ 6.9, p Ͻ 0.001). Consistent with light microscopy findings, CHOP/GADD153-labeled gold particles were clearly evident in all LTIH nuclei examined (n ϭ 35) and throughout dendrites (n ϭ 122). The density of CHOP-immunoreactive silver particles within nuclei of ChAT peroxidase-labeled motoneurons was markedly increased by LTIH (17.7 Ϯ 1.3 particles/mm 2 vs 1.4 Ϯ 0.1 particles/mm 2 ; t ϭ 67; p Ͻ 0.0001) (Fig. 4) . Cleaved caspase-7 (cC-7) was not evident in any of the studied brainstem motoneurons in sham IH control mice. In contrast, cC-7 was evident in the majority of facial and hypoglossal motoneurons in mice exposed to LTIH (Fig. 5) . No cC-7 immunoreactivity was detected in trigeminal motoneurons. Although cC-7 was detected in most LTIH VII and XII motoneurons, only 8 -10 Ϯ 3-4% of LTIH VII and XII motoneurons showed nuclear translocation of caspase-7. Cleaved caspase-3 showed a similar pattern of immunoreactivity response to LTIH as observed for cC-7 (Fig.  6) . Thus, CHOP/GADD153 protein increases and translocates to the nuclei markedly in hypoglossal and facial motoneurons, whereas caspases-3 and -7 are cleaved in response to LTIH with nuclear translocation in a small percentage of motoneurons.
Activation of AKT has been proposed as a protective mechanism in hippocampal neurons after exposure to short-term IH and sustained hypoxia, where tissue homogenates show increased p-AKT in response to 6 h IH (Klein et al., 2005) . Thus, in parallel with characterization of caspase activation, we explored the response of AKT activation to LTIH across vulnerable and resistant motoneuron groups. p-AKT was high at baseline in III and moV but only in non-neuronal tissue, and did not change with LTIH (supplemental figure, available at www.jneurosci.org as supplemental material). LTIH increased p-AKT immunoreactivity in motoneurons only in VII and XII motoneurons, in which some p-AKT was evident at baseline (supplemental figure, available at www.jneurosci.org as supplemental material).
LTIH results in a sustained increases in eIF-2a phosphorylation in trigeminal motoneurons but not hypoglossal or facial
Activation of PERK phosphorylates eIF-2a that triggers a cascade that serves to minimize protein misfolding. However, increased CHOP/GADD153 will increase GADD34 that in turn serves to enhance dephosphorylation of p-eIF-2a, as illustrated in Figure 1 A. Thus, we next determined whether the protective component of PERK activation, phosphorylation of eIF-2a, is lost under conditions of LTIH in any of the upper airway motoneuronal groups. Sham IH mice revealed some p-eIF-2a immunoreactivity in the perinuclear envelope in most motoneurons ( Fig.  2 ) with higher levels in moV motoneurons relative to VII and XII for sham IH condition ( p Ͻ 0.05). An increase in p-eIF-2a in response to LTIH was evident only in moV motoneurons (moV sham, 1.5 Ϯ 0.03, vs IH, 1.7 Ϯ 0.02; t ϭ 3.2; p Ͻ 0.05). VII and motoneurons showed no effect across IH conditions (VII, 1.2 Ϯ 0.02 vs 1.1 Ϯ 0.02, NS; XII, 1.2 Ϯ 0.02 vs 1.2 Ϯ 0.02, NS). Thus, eIF-2a phosphorylation is higher at baseline in the motoneurons resistant to LTIH injury and is maintained across LTIH. The increased p-eIF-2a in sham IH motor trigeminal neurons relative to hypoglossal and facial was confirmed with Western blot (sham IH moV, 3.68 Ϯ 0.3, VII, 1.8 Ϯ 0.2, and X/XII, 1.8 Ϯ 0.3; F ϭ 21; p Ͻ 0.001 for both moV vs VII and moV vs X/XII comparisons).
Long-term intermittent hypoxia reduces expression of signaling proteins
Overall, IH had a significant effect on ChAT immunofluorescent relative intensity in motoneurons ( p Ͻ 0.0001) (Fig. 7) . The effect was dependent on motor nucleus, with IH 8wk reducing ChAT in facial (t ϭ 5.1; p Ͻ 0.01) and hypoglossal motoneurons (t ϭ 4.2; p Ͻ 0.01), whereas no change was evident in motor trigeminal motoneurons. Within the hypoglossal nucleus, central motoneurons showed greater reductions in ChAT, the same subregion with greatest cleaved caspase-3 immunoreactivity (Fig. 6 , bottom panels). Dynactin-1 (p150 glued ) was reduced also in facial (t ϭ 3.8; p Ͻ 0.001) and hypoglossal (t ϭ 4.4; p Ͻ 0.001) motoneurons (Fig. 7) . Similarly, MAP-2 was reduced in facial (t ϭ 2.6; p Ͻ 0.05) and hypoglossal (t ϭ 3.0; p Ͻ 0.05), without effect in trigeminal. Thus, all three proteins were reduced in similar magnitude in facial and hypoglossal motoneurons with an apparent sparing of effect in trigeminal motoneurons.
LTIH disrupts ER ultrastructure
Electron microscopy revealed significant alterations in ER ultrastructure within hypoglossal motoneurons of mice exposed to LTIH. Specifically, disaggregation of ribosomes and degranulation of rough ER was evident in almost all LTIH XII somata, as illustrated in Figure 8 . Well formed polyribosomes were evident throughout the cytoplasm of XII motoneurons in sham-treated mice (Fig.  8C ,CЈ) but were rarely identified in LTIH XII motoneurons (Fig.  8D,DЈ) . Parallel rows or rough ER were typical in sham LTIH XII Figure 3 . LTIH increase in CHOP/GADD153 immunoreactivity in both facial and hypoglossal but not in motor trigeminal neurons. The 50 m vibratome sections, prepared for electron microscopic imaging and analysis with DAB-labeled ChAT and silver-enhanced gold-labeled CHOP/GADD, were first examined with light microscopy in which a striking LTIH increase in CHOP/ GADD153 immunoreactivity was evident in both facial (B) and hypoglossal motoneurons (C), throughout somata, dendrites, and in the majority of nuclei. In contrast, minimal CHOP/GADD153 was observed in motor trigeminal neurons (A) and in all three motor nuclei under sham IH conditions (A-C). Scale bar, 50 mm.
motoneurons. In contrast, LTIH ER was swollen, distorted, and less frequently parallel, as illustrated in Figure 8 , DЈ, E, and F. Medium densities within the ER lumen were consistent with protein aggregation (Fig. 8DЈ,F) . LTIH effects were not limited to the ER. Swelling was also evident in Golgi cisternae and mitochondria, where vacuoles within mitochondria were observed and cristae were less evident (Fig. 8G) . Golgi cisternae were also fragmented (Fig. 8D, perinuclear) . The plasma membrane appeared intact, whereas the nuclear membrane evidenced irregular swelling with chromatin condensation near regions of membrane irregularities. Irregular chromatin condensation was present to a lesser extent throughout the karyoplasm. However, darkened cytoplasm and pyknotic nuclei were not observed, suggesting that advanced apoptosis was not present in the vast majority of motoneurons.
Salubrinal increases phosphorylation of eIF-2a and prevents LTIH upregulation of CHOP/GADD153 and protects select motoneuron signaling proteins
Salubrinal increased p-eIF-2a immunoreactivity relative to background in both the VII (vehicle, 1.3 Ϯ 0.03, vs salubrinal, 1.5 Ϯ 0.05; t ϭ 4.5; p Ͻ 0.001) and the XII nuclei (vehicle, 1.2 Ϯ 0.03, vs salubrinal, 1.5 Ϯ 0.04; t ϭ 5.1; p Ͻ 0.001). Representative photomicrographs are presented in Figure 9A . Whereas salubrinal increased p-eIF-2a, CHOP/ GADD153 immunoreactivity was reduced in salubrinal-treated mice exposed to LTIH for both hypoglossal and facial (XII: salubrinal, 1.4 Ϯ 0.04, XII: DMSO, 1.7 Ϯ 0.04, t ϭ 4.4, p Ͻ 0.001; VII: salubrinal, 1.3 Ϯ 0.04, vs VII: DMSO, 1.5 Ϯ 0.06, t ϭ 2.5, p Ͻ 0.05). A typical salubrinal effect is shown in Figure  9B . Moreover, salubrinal increased MAP-2 under conditions of LTIH in both VII (vehicle, 1.4 Ϯ 0.04, vs salubrinal, 1.6 Ϯ 0.05; t ϭ 2.8; p Ͻ 0.05) and XII (vehicle, 1.3 Ϯ 0.02, vs salubrinal, 1.6 Ϯ 0.05; t ϭ 4.3; p Ͻ 0.001) (Fig. 10) . A three-dimensional reconstruction of a confocal z-stack movie is shown in the supplemental material (available at www.jneurosci.org), in which preservation of cholinergic dendritic projections with salubrinal is readily evident in comparison with vehicle-treated mice. Whereas salubrinal protected motoneurons from LTIH caspase activation, p-AKT activation was less evident in XII and VII motoneurons in salubrinal-treated mice (data shown in supplemental material, available at www.jneurosci.org).
Discussion
The present collection of studies suggests that exposure to the oxygenation pattern commonly observed in severe obstructive sleep apnea (1% of the adult population) injures select populations of motoneurons innervating the critical upper airway dilator muscles. By contrasting responses in upper airway motoneuronal groups with differential susceptibility to hypoxia/reoxygenation injury and by characterizing the effects of a specific protein phosphatase inhibitor on responses in these motoneurons, this work provides insight into the mechanisms of injury and protection from repeated hypoxia/reoxygenation events modeling sleep apnea oxygenation.
Physiological studies have demonstrated impaired hypoglos- . cC-7 immunoreactivity response to LTIH for 8 weeks. Fluorescence photomicrographs of ChAT-immunoreactive (ir) facial (VII) motoneurons. Note cC-7 (Alexa Fluor 594; red color) was localized to the perinuclear envelope in the majority of ChAT-ir neurons (Alexa Fluor 488; green color), and 10 Ϯ 3% of motoneurons showed nuclear translocation of caspase-7 (indicated by arrows) in mice exposed to LTIH for 8 weeks (B, B) . In contrast, no cC-7 ir was detected in sham-IH mice (A, A). Scale bar, 50 mm.
sal nerve function after long-term intermittent hypoxia exposure, but mechanisms by which impairment occurs were not known. Long-term intermittent hypoxia was shown to shift hypoglossal nerve excitation response to serotonin and glutamate microinjection into the hypoglossal nucleus by several log doses rightward without affecting receptor density (Veasey et al., 2004b) . The present studies have identified an important mechanism by which upper airway nerve function can be impaired by LTIH. Intermittent hypoxia appears to selectively activate the PERK ER sensor. At this point, the fate of a neuron can follow two divergent pathways (summarized in our proposed model in Fig. 11 ). Neurons with basal CHOP/GADD153 are expected to have high GADD34, which promotes dephosphorylation of p-eIF-2a (Oyadomari and Mori, 2004) . Thus, from the first insult of intermittent hypoxia, these neurons are unable to mount an appropriate homeostatic ER stress response. In contrast, motor trigeminal neurons and occulomotor neurons do not have significant CHOP/GADD153 at baseline, and can mount a protective eIF-2a response. This hypothesis is strongly supported by the collective findings in this study. First, motoneurons with basal CHOP/ GADD153 within the nucleus had lower p-eIF-2a immunoreactivity and did not increase p-eIF-2a with long-term intermittent hypoxia; whereas motoneurons without detectable CHOP/GADD153 at baseline were able to increase p-eIF-2a within motoneurons, and neurons in these motor nuclei did not evidence CHOP/ GADD153 even with long-term exposures to intermittent hypoxia. Finally, salubrinal, a protein phosphatase inhibitor selective for eIF-2a, was shown in our studies to alter the phenotype from susceptible to resistant motoneurons, preventing CHOP and caspase activation. Thus, eIF-2a appears essential for an appropriate homeostatic response to this stressor. Hypoxia/reoxygenation may either augment or impair motoneuronal function. Severe ischemia followed by reperfusion markedly impairs neural function and can result in substantial loss of motoneurons (Sakurai et al., 2003) . Intriguingly, neuronal loss is preceded by upregulation of the unfolded protein response and caspase-12, a murine marker for ER stress-related apoptosis, suggesting ER injury contributes to motoneuron demise (Sakurai et al., 2003 (Sakurai et al., , 2005 Yamauchi et al., 2007) . On the other end of the spectrum, several short bursts of mild hypoxia result in long-term facilitation of phrenic and hypoglossal motoneuronal activity (Millhorn et al., 1980; Bach and Mitchell, 1996) . The intermittent hypoxia used in the present study is designed to model a very common form of hypoxia/reoxygenation, obstructive sleep apnea. Although substantial loss of motoneurons in our model was not evident, this hypoxia/reoxygenation exposure is clearly injurious to select brainstem motoneurons, as evidenced by increased CHOP/GADD153 and cleaved caspases-3 and -7. Whether LTIH for longer exposure durations and whether humans with obstructive sleep apnea develop irreversible injury to motoneurons should be explored. Moreover, it will be important to discern the susceptibility of spinal motoneurons to this hypoxia/reoxygenation injury.
A differential susceptibility across motoneuronal groups is consistent with findings in most murine models of motoneuronal diseases. Established murine models of a human motoneuron disease (e.g., wobbler, progressive motor neuropathy, and the G93A mutation of superoxide dismutase-1 models) each show unique temporal and severity patterns of injury across occulomotor, trigeminal, facial, and hypoglossal motoneurons, as well as across spinal motoneuronal pools. In most studies, the injury is classified as motoneuronal loss rather than ER injury. In the wobbler mouse, motoneuronal loss is early in the hypoglossal nucleus (Haenggeli and Kato, 2002) . In the SOD G93A mutant mouse, there is a significant loss of motoneurons in the hypoglossal and Figure 6 . LTIH increase in cC-3 immunoreactivity in both facial and hypoglossal but not in motor trigeminal neurons. Lowpower fluorescence photomicrographs of cC-3 (Alexa Fluor 594; red color) with dynactin-1/p150 glued (Alexa Fluor 488; green color) in facial, hypoglossal, and trigeminal neurons are shown to illustrate heterogeneities in cC-3 immunoreactivities across motor nuclei groups and within motor nuclei. Overall, cC-3 immunoreactivity followed the LTIH cC-7 response (as shown in Fig. 5 ) with the majority of cC-3 localized to the perinuclear envelope in hypoglossal and facial motoneurons, and only rare nuclear translocation. A small percentage of hypoglossal and facial motoneurons revealed nuclear translocation of cC-3 in response to LTIH (arrows, inset box for LTIH XII). Minimal cC-3 was observed in sham-LTIH motoneurons in all three motor nuclei studied and motor trigeminal neurons in mice exposed to LTIH. Scale bar, 100 mm.
trigeminal nuclei before spinal motor involvement (Haenggeli and Kato, 2002) . A similar overall susceptibility hierarchy is evident in our model of sleep apnea oxygenation. In the case of LTIH injury to facial and hypoglossal motoneurons with sparing of occulomotor and motor trigeminal neurons, we observed several important differences in ER responses at baseline and in response to LTIH. First, trigeminal motoneurons did not demonstrate appreciable basal ER stress. In contrast, the ER in hypoglossal and facial neurons was challenged under basal conditions with evidence of basal p-PERK and CHOP/GADD153. Second, moV motoneurons responded to LTIH with persistent phosphorylation of eIF-2a. As described, this response is expected to facilitate ER homeostasis by favoring translation of proteins that should facilitate resolution of protein misfolding. Third, although LTIH increased p-PERK, trigeminal, as well as occulomotor, motoneurons did not develop CHOP activation, as observed in hypoglossal and facial motoneurons. Our findings in moV motoneurons exposed to LTIH resulting in high p-eIF-2a, yet absent CHOP/GADD153 levels support the concept that CHOP/ GADD153 must be readily degraded in these healthier neurons (Ohoka et al., 2007) , and that increasing p-eIF-2a in vulnerable neurons should promote an effective adaptive response (upregulation of chaperones and antioxidants) without the injurious response (CHOP/GADD153 activation). p-AKT was higher in resistant motor nuclei III and moV, yet it was clearly not evident in motoneurons and appeared to be in glia. Thus, there may be baseline differences in the glial cell AKT activation that contribute to differential neuronal susceptibility to ER injury. This intriguing observation deserves future analysis.
Hypoglossal motoneurons have been shown highly susceptible to oxidative injury in several animal models. The Cu/Zn transgenic murine model of amyotrophic lateral sclerosis develops high nitrotyrosine immunoreactivity in hypoglossal motoneurons before loss of motoneurons (Cha et al., 2000) . LTIH results in carbonylation of proteins in the hypoglossal nucleus to a greater extent than surrounding neurons, yet hypoglossal motoneuronal function may be maintained, and carbonylation minimized if animals are treated with a superoxide dismutase mimetic across LTIH (Veasey et al., 2004b) . The rescue from LTIH motoneuronal injury by either preventing eIF-2a inactivation or supplementation with a superoxide dismutase mimetic supports the concept of important cross talk between oxidative and endoplasmic reticulum stress in motoneuronal injury. Effective prevention of neural injury in sleep apnea may require addressing both oxidative and ER injury pathways.
Hypoxia has been shown to activate the ER stress response, particularly the PERK pathway (Koumenis et al., 2002) . Of interest, sustained hypoxia used to generate an ER response is typically severe [e.g., Յ0.02% ambient oxygen for at least 1 h for in vitro studies or cardiac arrest for 5 min or ligation of the middle cerebral artery for Ͼ5 min in vivo (Koumenis et al., 2002) ]. In the present model of sleep apnea oxygenation, hypoxia is relatively mild and each episode is extremely brief. The model was selected to represent oxygenation fluctuations in a significant proportion of individuals with sleep apnea. Rarely, individuals with sleep apnea have longer and more profound hypoxemic episodes, particularly in individuals with obesity hypoventilation. Whether longer exposure durations or more severe hypoxia would result in more profound injury, including phrenic and other spinal motoneurons, should now be examined.
Long-term intermittent hypoxia reduced the levels of selected signaling and cytoskeletal proteins (ChAT, MAP-2, and dynactin-1) in motoneurons susceptible to ER injury. Preservation of all three proteins in moV motoneurons highlights the heterogeneity in protein responses to intermittent hypoxia. Activation of eIF-2a can cause temporary translation attenuation. However, in our studies, the neurons with high p-eIF-2a were the neurons with protected protein levels, whereas neurons without p-eIF-2a response to LTIH showed reduced protein levels by immunoreactivity. Thus, p-eIF-2a is not the source of reduced cytoskeletal and signaling proteins. Rather, the substantial loss of integrity of polyribosomes and rough ER are likely to contribute to reduced translation and improper protein folding. The increased densities within the ER lumen are consistent with protein aggregation. Whether the reduced signaling/cytoskeletal proteins are reversible will be important to discern.
In summary, hypoxia/reoxygenation events modeling obstructive sleep apnea oxygenation patterns injure select populations of brainstem motoneurons through an impaired ER stress homeostatic response involving an absence of eIF-2a phosphorylation. Augmentation of eIF-2a phosphorylation with salubrinal converts susceptible motoneurons into motoneurons resistant to hypoxia/reoxygenation injury, at least temporarily. It will be important to discern whether the injury we observe in the murine model occurs in humans with obstructive sleep apnea and whether this injury can be prevented, reversed, or minimized with therapies increasing ER homeostatic efforts. . LTIH suppresses protein levels in hypoglossal motoneurons. Average immunofluorescent signaling, relative to adjacent background, Ϯ SE using techniques as previously described (Zhu et al., 2007) , reveals decreased levels of all three motoneuronal proteins assayed. Asterisks denote p Ͻ 0.05, relative to sham IH. Note all three proteins are only partially reduced, and to a similar degree. Under conditions of hypoxia/reoxygenation, CHOP/GADD153 is markedly increased and activated in susceptible motoneurons. This activation parallels an increase in activation of caspase-7 (ER specific) and caspase-3. In contrast, resistant motoneurons are able to phosphorylated eIF-2a and circumvent an activation of CHOP/GADD153 or caspases. Salubrinal, a specific protein phosphatase inhibitor, maintains phosphorylation of eIF-2a in susceptible motoneurons and converts the phenotype from susceptible to resistant to hypoxia/reoxygenation injury.
